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High-Performance Ammonium Cobalt Phosphate
Nanosheet Electrocatalyst for Alkaline Saline Water
Oxidation

Zhongxin Song, Kaixi (Cathy) Wang, Qian Sun, Lei Zhang, Junjie Li, Dingjiu Li,
Pok-Wai Sze, Yue Liang, Xueliang Sun, Xian-Zhu Fu, and Jing-Li Luo*

The development of highly efficient electrocatalysts toward the oxygen
evolution reaction is imperative for advancing water splitting technology to
generate clean hydrogen energy. Herein, a two dimensional (2D) nanosheet
ammonium cobalt phosphate hydrate (NH4CoPO4·H2O) catalyst based on the
earth-abundant non-noble metal is reported. When used for the challenging
alkaline saline water electrolysis, the NH4CoPO4·H2O catalyst with the
optimal thickness of 30 nm achieves current densities of 10 and 100 mA cm−2

at the record low overpotentials of 252 and 268 mV, respectively, while
maintaining remarkable stability during the alkaline saline water oxidation at
room temperature. X-ray absorption fine spectra reveal that the activation of
Co (II) ions (in NH4CoPO4·H2O) to Co (III) species constructs the
electrocatalytic active sites. The 2D nanosheet morphology of
NH4CoPO4·H2O provides a larger active surface area and more
surface-exposed active sites, which enable the nanosheet catalyst to facilitate
the alkaline freshwater and simulated seawater oxidation with excellent
activity. The facile and environmentally-benign H2O-mediated synthesis route
under mild condition makes NH4CoPO4·H2O catalyst highly feasible for
practical manufacturing. In comparison with noble metals, this novel
electrocatalyst offers a cost-effective alternative for economic saline water
oxidation to advance water electrolysis technology.
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1. Introduction

With the increasing global warming and
environmental pollution negatively affect-
ing our living habitat, seeking alternative
clean energy in replacement of fossil fu-
els has become an imperative task and at-
tracted great attentions globally. Hydrogen
(H2) as the carbon-neutral energy carrier
is considered as one of the most promis-
ing clean and renewable energy sources.[1]

For sustainable H2 production, electrocat-
alytic water splitting presents itself as a
promising future technology.[2] Generally,
overall water splitting by electrolysis con-
sists of cathodic hydrogen evolution reac-
tion (HER) and anodic oxygen evolution
reaction (OER).[3] The bottleneck of water
splitting is anodic OER due to the slug-
gish reaction kinetics which requires high
overpotential for delivering high current
density.[4] The state-of-the-art OER electro-
catalysts are highly depend on noble metal-
based catalysts such as RuO2 and IrO2, es-
pecially in acidic conditions.[5] However, the
large-scale application of the noble metal
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electrocatalysts is greatly hindered by their high cost and poor
stability in driving the OER under acidic electrolyte. To reduce
the cost, it is excited to note that some non-noble-metal-based
electrocatalysts are able to catalyze OER with remarkable catalytic
activity. However, it is a tough challenge for non-noble metal elec-
trocatalysts to work stably in acidic media due to the metal dis-
solution issue. This serves as a strong driving force to stimulate
the investigations of non-noble-metal electrocatalysts in alkaline
conditions. Developing the low-cost and high-performance OER
catalyst which exhibits high stability and corrosion resistance is
one of the significant challenges for water splitting in alkaline
media. Moreover, for mass production of H2 fuel, use of seawa-
ter instead of freshwater can be highly advantageous because of
the enormous natural resource of seawater on the surface of our
planet.[6] However, the aggressive anions originate from seawa-
ter would cause electrode corrosion during the anodic reaction,
which is one of the tough issues in seawater oxidation.[7] To tackle
these challenges, the economic electrocatalysts based on earth-
abundant non-noble metals with highly active and stable OER
performance need to be developed, especially in alkaline seawa-
ter electrolysis.

Transition metals and their derivatives are attractive OER
catalyst candidates owing to their activity and potential stability
during seawater electrolysis.[8] Very recently, a few pioneering
studies have described the successful generation of transition
metal phosphides toward water oxidation with encouraging
results.[9] For example, Li and co-workers reported the use of N-
doped carbon nanotubes (NCNTs) decorated with CoP nanopar-
ticles as the electrocatalyst for the OER, which exhibits an
overpotential of 310 mV to achieve the current density of 10 mA
cm−2 in 1.0 m KOH.[9a] Driess and co-workers presented a crys-
talline lazulite-like cobalt phosphate, Co3(OH)2(HPO4)2, as an
efficient precatalyst for the OER in alkaline media. In a standard
three-electrode system, the Co3(OH)2(HPO4)2 catalyst displayed
an overpotential of 240 mV for OER to deliver 10 mA cm−2,
which is lower than that of the state-of-the-art RuO2 and IrO2
catalysts.[9b] Moreover, transition metal hydroxides, such as NiFe
hydroxide,[8d] S-doped Ni/Fe (oxy)hydroxide,[10] Ni/NiSx/NiFe
hydroxide,[8f] bimetallic phosphide (Ni2P-Fe2P) [11] and sodium
cobalt-iron pyrophosphate[7c] have been investigated as OER
electrocatalysts under alkaline simulated seawater conditions.
Although tremendous research efforts have been devoted to de-
veloping efficient transition metal phosphate electrocatalysts for
water electrolysis under freshwater conditions, the performance
in seawater electrolysis remains quite limited. Additionally,
the synthesis processes for these catalysts are usually timely
tedious and of high energy consumption, which may restrict
their practical applications. Therefore, it necessitates the need
to develop cost-effective transition metal phosphate catalysts
using facile synthesis methods for high-performance seawater
electrolysis.

Herein, we report the synthesis of the two dimensional
(2D) ammonium cobalt phosphate hydrate (NH4CoPO4·H2O)
nanosheet, referred to as NCP, as a high performance electrocat-
alyst for the OER in alkaline simulated seawater electrolyte. The
NCP nanosheets are prepared by a facile and environmentally-
benign H2O-mediated synthesis route at room temperature, this
simplicity makes NCP catalyst highly favorable in terms of prac-

tical industrial manufacturing. The rational design of transition-
metal phosphate with 2D nanosheet structure[12] has been pro-
posed to be beneficial in providing large surface area, therefore,
the high density of surface-exposed active sites. The non-noble
metal of Co-based compounds has been reported to show good
OER activity. Among the Co derivatives, Co-based phosphate
show superior intrinsic stability in the alkaline electrolyte, there-
fore 2D NCP nanosheet was chosen as the anode materials for
the OER. Working as the OER catalyst, the NCP nanosheets with
the thickness of 30 nm exhibit low overpotentials of merely 265
and 252 mV to deliver 10 mA cm−2 current density in alkaline
water (1.0 m KOH) and simulated seawater (1.0 m KOH + 0.5 m
NaCl), respectively, significantly lower than those of IrO2 catalyst
counterpart. Furthermore, the optimal thin NCP catalyst exhibits
highly durable electrochemical stability during continuous 20 h
OER under the challenging alkaline saline water condition. No-
tably, this is the first report on the application of NCP nanosheet
as an electrocatalyst toward saline water oxidation in light of the
nature of this challenging environment. Our results suggest that
NCP nanosheet is a promising catalyst candidate for OER un-
der both alkaline freshwater and saline water media, which can
contribute to the scientific and technological development of sea-
water electrolysis.

2. Results and Discussion

2.1. Synthesis and Characterization of NCP Catalysts

In this study, CoCl2 and NH4H2PO4 were respectively utilized
as metal and phosphate precursors for the synthesis of NCP
nanosheets via one-pot chemical precipitation technique. The
preparation of NCP with controlled thickness is schematically
illustrated in Figure 1a, and the obtained samples are named
as NCP, EG-NCP, and Gly-NCP which are prepared under the
solvent of water, water+ethylene glycol (EG), and water+glycerol
(Gly), respectively. The phase purity and crystallographic struc-
ture of the as-prepared NCP, EG-NCP, and Gly-NCP samples
were studied by X-ray diffraction (XRD). XRD patterns in Fig-
ure 1b indicate that the as-prepared NCP materials with crys-
talline morphology are obtained under synthesis conditions. As
shown in Figure 1b, all diffraction peaks of NCP samples can
be well indexed to the orthorhombic NH4CoPO4·H2O (JCPDS
No.21-0793). The two dominant peaks of 2𝜃 at 10.1° and 31.8° cor-
respond to the (001) and (121) planes of NH4CoPO4·H2O. The
sharp diffraction peaks suggest the highly crystalline nature of
NCP and that no impurity phases are introduced by the chemical
precipitation process at room temperature.

The morphological evolution of NCP with different synthetic
solvents was studied using scanning electron microscopy (SEM).
Figure 1c shows the SEM image of NCP prepared in deionized
(DI) water and a platelike structure of NCP is displayed. The
layered arrangement of nanosheets with an average size of 5.0
𝜇m and thickness of 250 nm is observed in the NCP, which
shows similar morphological size with the reported literature[13]

(200–300 nm plate thickness). Figure 1d displays the SEM im-
age of EG-NCP. Different from platelike NCP, the EG-NCP is
found to have formed 3D flowerlike morphology by connecting
the nanosheets with the thickness of 100 nm. Moreover, in the
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Figure 1. Synthesis and microscopic characterization of the as-prepared NCP, EG-NCP, and Gly-NCP materials. a) Schematic illustration of the synthesis
procedure for Gly-NCP nanosheets. b) XRD patterns of the as-prepared NCP samples. The SEM images of c) NCP, d) EG-NCP, and e) Gly-NCP at two
magnifications. f) TEM image, g) HRTEM image, and SAED pattern (inset) obtained from the yellow rectangular region, and h) EDS elemental maps of
one Gly-NCP nanosheet.

case of H2O+glycerol solvent, the as-obtained Gly-NCP exhibits
a similar flowerlike morphology to that of EG-NCP, while the
nanosheets of Gly-NCP demonstrate a much thinner thickness
of 30 nm (Figure 1e). The SEM results reveal that the morphology
and nanosheet thickness of NCP samples can be easily controlled
through adjusting the solvent conditions. The difference among
platelike NCP, flowerlike EG-NCP, and Gly-NCP involves the ar-
rangement and thickness of the nanosheets. In the mixed solu-
tion of H2O+EG and H2O+glycerol, the solvent viscosity value is
higher than that of DI water. Due to the Ostwald ripening pro-
cess in the thick solution, the nanosheets grow randomly and in-
tegrate with each other, which results in flower-like morphology
of EG-NCP and Gly-NCP. In terms of NCP, the nanosheets are
thicker and wider and are not integrated with each other. The
transmission electron microscopy (TEM) image in Figure 1f fur-
ther details the rectangle nanosheet structure of the Gly-NCP.
The high resolution TEM (HRTEM) image and the energy disper-
sive X-ray spectroscopy (EDS) mappings are obtained by zoom on
the edge area of one nanosheet from Gly-NCP. Figure 1g reveals
the distinctive lattice fringes with interplanar spacing of 0.47 nm,
which is assigned to the (110) plane of Gly-NCP. The selected area
electron diffraction (SAED) pattern (inset) is obtained from the
yellow rectangular region in Figure 1g. The EDS mappings (Fig-
ure 1h) for a Gly-NCP nanosheet clearly display that Co, P, N,
and O are homogeneously distributed throughout the Gly-NCP.

All the above results prove that the low-energy consuming one-
pot chemical precipitation is an effective approach to fabricating
the NCP nanosheets. Moreover, it can be found that the solvent
environment also plays a significant role in tuning the nanosheet
thickness and morphology.

X-ray photoelectron spectroscopy (XPS) measurements were
performed to analyze the chemical characteristics of the as-
prepared Gly-NCP sample. The XPS spectra survey in Figure S1
(Supporting Information) shows that Co (11.7 at%), P (14.5 at%),
O (62.6 at%), and N (11.2 at%) are the basic elements in construct-
ing Gly-NCP. The core peaks at 781.0 and 797.2 eV can be asso-
ciated with Co 2p3/2 and Co 2p1/2, respectively, which are charac-
teristic features of Co2+. The other two shake-up peaks located at
785.1 and 802.5 eV are attributed to the satellite peaks (*), respec-
tively. XPS data in Figure 2a verify that Co ions in the as-prepared
Gly-NCP are present in the form of Co2+. In Figure 2b, the peak
located at 133.0 eV corresponds to the characteristic P 2p3/2 peak
of P (V). The high-resolution XPS spectra and curve fitting re-
sults of O 1s are shown in Figure 2c in which the predominant
peak at 530.7 eV can be assigned to the PO4

3− ions, while the
small peak at 532.4 eV is ascribed to crystal water. The appear-
ance of a peak at 401.0 eV in Figure 2d is attributed to the N 1s,
which is characteristic of NH4

+ in the structure. Combined with
the XRD results, XPS data further confirm that the as-prepared
sample was Gly-NCP in nature.
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Figure 2. High-resolution XPS of a) Co 2p, b) P 2p, c) O 1s, and d) N 1 s of the as-prepared Gly-NCP.

2.2. OER Performance in Alkaline Media

The electrocatalytic activities of NCP catalysts toward the OER
were investigated in 1.0 m KOH using the standard three-
electrode system. The current- and resistance- (iR) corrected po-
larization curves of NCP catalysts are shown in Figure 3a which
displays the geometric current density plotted against applied po-
tential (vs reversible hydrogen electrode (RHE)). For compari-
son, the benchmark noble metal IrO2 catalyst was measured un-
der the same condition. From linear sweep voltammetry (LSV)
curves of catalysts in the alkaline media, it can be observed
that the as-prepared NCP, EG-NCP, and Gly-NCP catalysts show
more superior catalytic activity toward the OER than that of IrO2.
Meanwhile, the NCP nanosheets exhibit well-differentiated OER
activity according to their thickness. Particularly, Gly-NCP dis-
plays excellent OER activity with lower onset potential and higher
current density at the applied potential comparing with those of
EG-NCP and NCP catalysts. In OER performance evaluation, the
overpotential required for delivering a current density of 10 mA
cm−2 is usually compared. Strikingly, the Gly-NCP requires an
overpotential of only 265 mV to deliver 10 mA cm−2 (Figure 3a),
which is lower than that of 290, 303, and 351 mV necessary for
EG-NCP, NCP, and IrO2 catalysts, respectively. This result in-
dicates that the electrocatalytic OER activity of Gly-NCP assem-
bled with thinner nanosheets is significantly improved in com-
parison to those of EG-NCP and NCP with thick nanosheets.
Moreover, the electrocatalytic OER kinetics can be determined
from Tafel plots and Figure 3b depicts the Tafel slopes of var-

ious catalysts. The Tafel slope of 57 mV dec−1 is achieved for
Gly-NCP, smaller than those of EG-NCP (59 mV dec−1), NCP
(60 mV dec−1), and reference IrO2 (78 mV dec−1), suggesting a
more favorable OER kinetics and an excellent catalytic activity for
Gly-NCP catalyst. Additionally, the electrochemical active surface
area (ECSA) is a significant parameter for catalysts in determin-
ing their electrocatalytic activity. In this study, the electrochemical
double layer capacitance (Cdl) (Figure S2, Supporting Informa-
tion) was measured to evaluate the ECSA. Figure 3c shows that
the Cdl for Gly-NCP is 2.9 mF cm−2, higher than the Cdl demon-
strated for EG-NCP (2.2 mF cm−2) and NCP (1.7 mF cm−2). By
adopting the specific capacitance of Cs = 0.040 mF cm−2 in 1.0
m KOH solution, the ECSA values of these samples are evalu-
ated to be 42.5, 55.0, and 72.5 cm2 for NCP, EG-NCP, and Gly-
NCP, respectively. Further, the ECSA normalized LSV curves of
NCP, EG-CNP, and Gly-NCP toward the OER are considered.[14]

From Figure S3 (Supporting Information), it can be found that
the Gly-NCP shows better OER activity than those of EG-NCP
and NCP, which is consistent with the resulted LSV normalized
via the electrode geometric area. The higher ECSA of Gly-NCP
consistently indicate that the Gly-NCP possesses a larger electro-
chemical surface area, which enables more exposed active sites
to take part in OER and hence achieves better electrochemical
performance. Furthermore, to evaluate the electrode kinetics dur-
ing the OER process, electrochemical impedance spectroscopy
(EIS) was measured which provides the information on the in-
terfacial reactions and behavior of catalysts. The EIS Nyquist re-
sults in Figure 3d show that the substantially reduced charge
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Figure 3. a) OER polarization curves and b) Tafel plots of NCP, EG-NCP, Gly-NCP, and IrO2 catalysts in 1.0 m KOH. c) Capacitive current densities of the
different catalysts plotted against the scan rate and corresponding Cdl values estimated through linear fitting of the plots. d) Nyquist plots of different
catalysts recorded at a given potential of 0.65 V (vs Hg/HgO) with the frequency range of 0.01–100 kHz.

transfer resistance (Rct) was achieved for Gly-NCP in compari-
son to the other catalysts. The Rct of Gly-NCP (1.53 Ω) is much
smaller than that of EG-NCP (1.56 Ω) and NCP (1.64 Ω), suggest-
ing the rapid charge-transfer kinetics between Gly-NCP electrode
and electrolyte, which contributes to the enhanced OER activity
of the Gly-NCP catalyst.

2.3. Electrochemical Performance of Alkaline Saline Water
Oxidation

Besides OER under freshwater condition, electrocatalytic seawa-
ter oxidation is also very attractive in terms of diversified future
energy recourses, but this topic remains as a challenging task
due to the poisoning of active sites and severe corrodibility of
seawater against electrode, rendering the catalysts poorly active
and very unstable. Therefore, it is of great significance to seek
highly active and stable OER catalysts suitable for seawater oxi-
dation. In this study, we further studied the OER activity of NCP,
EG-NCP, Gly-NCP nanosheet catalysts in an alkaline simulated
seawater electrolyte (1.0 m KOH+0.5 m NaCl). The LSV polar-
ization curves and corresponding Tafel plots of carbon paper
supported NCP and IrO2 electrodes are presented in Figure 4a,b,
respectively. Impressively, the lower overpotential (252 mV @
10 mA cm−2) and lower Tafel slope (39 mV dec−1) demonstrate
that the Gly-NCP nanosheets have rapid OER catalytic kinetics
and higher saline water oxidation activity than EG-NCP (263 mV
@ 10 mA cm−2), NCP (280 mV @ 10 mA cm−2), and it is

also superior to the benchmark of IrO2 catalyst (343 mV @
10 mA cm−2). The Gly-NCP nanosheets with 30 nm thickness
maintains its outstanding and even better OER activity in the
NaCl-containing electrolyte than in NaCl-free 1.0 m KOH elec-
trolyte. To clarify the better OER activity of Gly-NCP catalyst in
NaCl-containing electrolyte, LSV curves of NCP catalysts before
and after iR correction are analyzed in KOH and KOH+NaCl me-
dia, respectively. At the current density of 10 mA cm−2 before iR
correction (Figure S4, Supporting Information), it is found that
the Gly-NCP electrode requires 15 mV lower overpotential and
better OER activity in KOH+NaCl (272 mV) media than those in
KOH (287 mV) electrolyte. After iR correction to eliminate the
influence of electrolyte resistance, lower overpotential of 13 mV
is illustrated by Gly-NCP electrode in KOH+NaCl (252 mV) me-
dia than that in KOH (265 mV), which confirms the better OER
activity of Gly-NCP catalyst in NaCl-containing electrolyte than
in NaCl-free 1.0 m KOH electrolyte. The mechanism for better
OER activity in NaCl-containing electrolyte is probably due to the
diffusion of Cl− and OH− ions and intercalation/deintercalation
into Gly-NCP surface and interlayers,[15] which play the role in
decreasing the activation barrier and facilitating the intermediate
adsorption/desorption, thereby promoting the O2 evolution and
enhancing the OER activity. In addition, the actual overpo-
tential (268 mV) applied on the Gly-NCP electrode to achieve
an OER current density of 100 mA cm−2 was well below the
480 mV overpotential required to trigger chloride oxidation to
hypochlorite,[7a,16] which suggests that chlorine ions in saline
water show little effect on the OER performance of Gly-NCP.
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Figure 4. a) Saline water oxidation polarization curves and b) Tafel plots of different catalysts in alkaline simulated seawater of 1.0 m KOH+0.5 m NaCl.
c) 20 h durability tests of Gly-NCP and IrO2 catalysts at the constant current of 10 mA cm−2. d) Comparison of saline water oxidation activity of Gly-NCP
and IrO2 catalysts before and after durability test in 1.0 m KOH+0.5 m NaCl electrolyte.

Thesaline water oxidation performance of Gly-NCP electrode
outperforms most of the transition-metal(oxy) hydroxide cata-
lysts as well as many non-noble metal catalysts (see comparison
details in Table S1, Supporting Information). Furthermore, the
overall saline water splitting performance was investigated using
a two-electrode configuration by pairing the OER catalyst of Gly-
NCP with another benchmark HER catalyst of Pt. As shown in
Figure S5 (Supporting Information), to drive a current density of
10 mA cm−2 in 1.0 m KOH + 0.5 m NaCl, Gly-NCP//Pt requires
a small voltage of 1.712 V, which is 55 mV lower than that for the
benchmarks of IrO2//Pt pair (1.767 V), further confirming the
Gly-NCP//Pt electrolyzer exhibits good activity for overall saline
water splitting in the alkaline electrolyte.

Beyond the OER activity, stability is also an important factor
of catalyst since it impacts the long-term application of seawater
electrolysis. As shown in Figure 4c, continuous chronoampero-
metric potential response is conducted at the current density of
10 mA cm−2. Strikingly, the potential required for Gly-NCP to
generate 10 mA cm−2 current density is merely 13 mV potential
increases after 20 h of the continuous saline water oxidation. By
contrast, the IrO2 catalyst caused 60 mV potential increases after
20 h of the stability test. Moreover, when comparing the LSV
polarization curves of Gly-NCP electrode before and after the
stability test (Figure 4d), the polarization curves almost coincide
with each other, indicating that the excellent saline water oxida-
tion activity of Gly-NCP nanosheet catalyst can be maintained, an
evidence of its outstanding stability during alkaline saline water

oxidation. Simultaneously, we examined the surface morphology
and elemental distribution of the Gly-NCP electrode after the sta-
bility test in 1.0 m KOH+0.5 m NaCl. SEM image and EDS maps
(Figure S6, Supporting Information) prove that the nanosheet
structure of Gly-NCP catalyst is preserved after long-term stabil-
ity testing, attesting to the good structural stability of Gly-NCP.
Meanwhile, an ion chromatography (IC) test was performed
to evaluate the side reaction of chlorine oxidation reaction to
producing hypochlorite during the simulated seawater oxidation.
As shown in Figure S7 (Supporting Information), the relative
content of residual Cl− shows insignificant change after the 20 h
stability test, indicating the dominant OER without chlorine oxi-
dation reaction during alkaline saline water oxidation. The good
stability of Gly-NCP can be mainly attributed to the following
aspects: 1) the metal dissolution of transition metal phosphides
is thermodynamically less favored under the experimental con-
dition of this work, which endows the Gly-NCP with enhanced
corrosion resistance and chemical stability during the alkaline
saline water oxidation; 2) There is no precipitate deposited on
the active sites in our system which is a common reason for
catalyst deactivation, thus alleviating the activity degradation; 3)
Gly-NCP catalyst exhibits high activity and low overpotential for
the OER, which can sustain saline water oxidation at a potential
well below that for chlorine evolution reaction. Combination of
the above three features of Gly-NCP guarantees its long-term
stability. Overall, the Gly-NCP catalyst fabricated in this work has
good activity and stability toward the OER in alkaline saline water
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Figure 5. a) XANES spectra and b) FT-EXAFS spectra of as-prepared Gly-NCP nanosheets and the reference of LiCoPO4. Comparison of c) the XANES
spectra and d) FT-EXAFS spectra of Gly-NCP before and after 20 h saline water oxidation.

and shows a great potential for rapid hydrogen production from
seawater electrolysis without prepurification and desalination
of seawater.

2.4. The Study of Active Sites and Reaction Mechanism

To gain further insights into the catalytic mechanism of the Gly-
NCP, X-ray absorption near-edge structure (XANES), extended
X-ray absorption fine structure (EXAFS), and the corresponding
R-space analysis were carried out on the Gly-NCP before and
after OER electrocatalysis. As shown in Figure 5a and Figure S8
(Supporting Information), the Co K-edge XANES spectra of the
as-prepared NCP, EG-NCP, and Gly-NCP exhibit characteristic
edge absorptions at 7709 and 7719 eV, corresponding to the Co
pre-edge (Co 1s – O 2p hybrid orbitals) and Co 1s – Co 3d fea-
tures, respectively. By comparing with the XANES of commercial
LiCoPO4 powder sample as the reference, it can be inferred that
Co ions in Gly-NCP have similar chemical state as LiCoPO4
and are in the oxidation state of Co2+, which is consistent with
the XPS result. The Fourier-transformed (FT) EXAFS spectra of
the reference LiCoPO4 exhibit several distinct peaks in R-space.
Briefly, the first FT peak observed at 1.57 Å is attributed to the lo-
cal Co–O coordination, whereas another peak at 2.43 Å represents
the related Co–P coordination as demonstrated in Figure 5b. The
FT-EXAFS of the as-prepared Gly-NCP exhibits the characteristic
Co–O coordination (1.57 Å) and Co–P coordination (2.6 Å), in-
dicative of the local atomic coordination of O atoms and P atoms

around a central Co atom. As shown in Figure 5c, compared to
the fresh Gly-NCP catalyst, the tested Gly-NCP after 20 h OER
shows noticeable changes in the XANES spectra. The Co K-edge
white line peak demonstrates a clear edge jump shifting from
7719 eV to higher absorption energy of 7723 eV. This can be as-
signed to the formation of higher chemical states, similar to Co3+

in LiCoO2, indicating the oxidation activation of Co2+ to Co3+ dur-
ing the OER electrocatalysis. From the cyclic voltammetry (CV)
in Figure S9 (Supporting Information), an anodic activation peak
near 1.2–1.3 V (vs RHE) corresponding to the Co2+→Co3+ can be
observed for Gly-NCP electrode in 1.0 m KOH+0.5 m NaCl. The
current density is gradually increased over the initial CV cycles,
indicating a possible surface activation during the OER, this is
consistent with the result indicated by XAS. As reported in the
literatures, the Co-based anode would be transformed to Co (III)
oxyhydroxide (Co–OOH) during the OER test, which actually
serves as real active sites for the OER.[12b,17] In order to unravel
the coordination structure of the Gly-NCP after 20 h OER, the
local structure of Co atom in R space for the Gly-NCP after OER
is characterized by FT-EXAFS and displayed in Figure 5d. After
the OER measurement, the Co–P coordination shifted from 2.43
to 2.15 Å, while the Co–O coordination shifted from 1.6 to 1.48 Å,
suggesting the increased valence state of Co ion to generate the
shorter distance between Co–O and Co–P. During the OER
processing, the Gly-NCP is probably converted from crystalline
to amorphous structures, which disrupts the long-range ordered
structure around Co and results the chemical states increase.
The shifting of the Co K-edge XANES confirms the conversion
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Figure 6. a) Schematic diagram for the electrochemical activation of Gly-
NCP for enhanced OER activity.

of Co2+ to Co3+ during the OER electrocatalysis by comparison
with the Co3+ in LiCoO2. From the above results, it is believed
that the excellent electrocatalytic activity of Gly-NCP is attributed
to the activation of Co (II) ions to Co (III) active sites, which is
largely responsible for carrying out the OER activity (Figure 6).
Moreover, the advantageous features from the unique oriented
stacking 2D nanosheets endow the Gly-NCP with a large electro-
chemical active surface area and sufficient surface-exposed Co
(III) active sites, which favors the mass transport and promotes
the OER kinetics, thereby leading to the excellent catalytic OER
performance. Our results suggest that Gly-NCP nanosheet is a
promising catalyst candidate for both alkaline water and saline
water oxidation, an achievement in fabricating high perfor-
mance catalyst via economic and eco-friendly route for seawater
electrolysis.

3. Conclusions

In summary, the NCP nanosheets are prepared by a facile and
lower energy consuming H2O-mediated synthesis route at room
temperature, which can be highly favorable for practical man-
ufacturing. The Gly-NCP assembled with optimal nanosheet
thickness of 30 nm is obtained using H2O/glycerol mixed
solvent. The unique oriented stacking 2D nanosheet structure
endows Gly-NCP with a large electrochemical active surface area,
therefore, the high density of surface-exposed active sites, which
contributes to the enhanced OER performance in 1.0 m KOH.
Meanwhile, Gly-NCP catalyst exhibits outstanding electrocat-
alytic activity and stability toward the OER in challenging alkaline
saline water media. XAS analysis conducted on the Gly-NCP
catalyst before and after alkaline saline water oxidation, demon-
strated that the activation of Co (II) ions to Co (III) active sites is
responsible for the excellent OER activity of Gly-NCP nanosheet
catalyst. The significance of this work lies in the development of
Gly-NCP nanosheets as a highly promising candidate catalyst for
OER with great potential for practical seawater electrolysis for
rapid hydrogen production without seawater prepurification and
desalination.

4. Experimental Section

Synthesis of Thickness-Controlled NCP Nanosheets: NCP
nanosheets were synthesized via chemical precipitation at room
temperature. In a typical synthesis, 150 mg of ammonium
dihydrogen phosphate (NH4H2PO4) and 360 𝜇L of 28 wt%
ammonium hydroxides in H2O (NH3·H2O) were dissolved in
20 mL water, noted as solution A. To prepare solution B, 3 g
ammonium chloride (NH4Cl) was first added and dissolved in
20 mL of water under magnetic stirring before 350 mg of cobalt
chloride hexahydrate (CoCl2. 6H2O) was added. NH4Cl was
used as the ammonium sources for synthesis of NCP, which
contributes to the formation and precipitation of crystalline NCP
nanosheets. Solutions A and B were mixed and stirred at room
temperature for 12 h. The purple precipitates were formed,
collected, and washed several times by DI water to remove the
unreacted precursors. Finally, the obtained purple powder was
dried at 50 °C in vacuum and named as NCP. To obtain thinner
thickness of NCP nanosheets, the above procedure was repeated
by replacing the solvent of 20 mL water with 10 mL of water
+ 10 mL of EG, or 10 mL of water + 10 mL of Gly under the
same synthesis condition. The obtained samples were named as
EG-NCP and Gly-NCP, respectively.

Physical Characterization: The morphology and structure of
NCP samples were characterized by using SEM (SU-70), and
TEM (JEM-1230) equipped with EDS. XRD patterns were col-
lected on a Bruker D8 Advanced diffractometer using Cu Ka radi-
ation. XPS was conducted on a Thermo Scientific K-Alpha spec-
trometer equipped with a monochromatic Al K𝛼 X-ray source
(1486.6 eV) operating at 100 W. The binding energies were cal-
ibrated relative to the C 1s peak energy at 284.8.0 eV. The XANES
and EXAFS measurements at the Co K-edge (7709 eV) were per-
formed on the 061D superconducting wiggler hard X-ray analy-
sis beamline at the Canadian Light Source. The acquired XANES
data were analyzed according to the standard procedures by us-
ing the Athena module. The EXAFS oscillation functions were
obtained by subtracting the pre-edge and postedge background
from the overall absorption spectra, then normalized with respect
to the edge-jump step to unity. The extracted EXAFS data were
analyzed by k3-weighted 𝜒(k) functions to obtain the magnitude
plots in radial space.

Electrode Preparation and Electrochemical Characterization:
The catalyst inks were prepared by dispersing 5.0 mg of NCP, EG-
NCP, or Gly-NCP and 5.0 mg carbon black (mNCP: mcarbon black =
1:1) in 5.0 mL of aqueous solution containing 1.0 mL of isopropyl
alcohol and 50 µL of Nafion (5.0 wt%). Then 30 min sonication
was conducted to ensure uniform dispersion and wetting of the
catalyst powder (1.0 mg mL−1). 1.0 mL of the catalyst ink was
loaded onto the surface of carbon paper (1.0 × 1.0 cm2) via spray-
coating and allowed to dry at room temperature. The NCP catalyst
loading on the carbon paper supported electrode was controlled
to be 1.0 mg cm−2. For comparison purpose, Ir-based catalyst was
taken as the benchmark catalyst for OER, and the carbon paper
(1.0 × 1.0 cm2) supported commercial IrO2/C (20 wt%) catalyst
with loading of 1.0 mg cm−2 was prepared with the same spray-
coating method.

All electrochemical measurements were conducted with
CHI760e potentiostat with a three-electrode system. The carbon
paper supported NCP catalyst, Pt wire, and saturated Hg/HgO
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were used as the working electrode, counter electrode, and refer-
ence electrode, respectively. The catalytic activity for the OER was
measured in aqueous 1.0 m KOH (pH 13.8) and 1.0 m KOH+0.5
m NaCl (mimic alkaline seawater) [7b,8f] electrolyte at room tem-
perature, respectively. Polarization curves of the working elec-
trode were obtained by performing the LSV measurements at a
scan rate of 10 mV s−1. All the potentials were converted to the
RHE potential scale through calibration: E(RHE) = E(Hg/HgO)
+ 0.0591 *pH + 0.098, where E(Hg/HgO) is the measured po-
tential (vs Hg/HgO). Measured potentials were corrected with iR
compensation: E = E(RHE)- iR, where i is the measured current
density (mA cm−2), and R is the solution resistance. The Tafel
slope was calculated according to the equation 𝜂 = b*(log i) +
a, where 𝜂 is the overpotential (V), and b is the Tafel slope (mV
dec−1). EIS was undertaken at 0.65 V (vs Hg/HgO) with AC am-
plitude of 10 mV and a frequency range of 0.01–100 kHz. Long-
term stability tests were carried out at the constant current den-
sity of 10 mA cm−2 at room temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
Z.S., K.W., and Q.S. contributed equally to this work. This work was fi-
nancially supported by the National Natural Science Foundation of China
(No. 21905179) and Shenzhen Innovative Research Team Program (No.
KQTD20190929173914967). The authors sincerely acknowledge the In-
strumental Analysis Center of Shenzhen University (Xili Campus) and
Shiyanjia Lab (www.shiyanjia.com) for HRTEM and XPS measurements,
and acknowledge the Canada Light Source at University of Saskatchewan
(CLS) for XAS analysis.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available from the cor-
responding author upon reasonable request.

Keywords
alkaline saline water oxidation, ammonium cobalt phosphate, electrocat-
alysts, nanosheets, oxygen evolution reaction

Received: February 5, 2021
Revised: March 8, 2021

Published online:

[1] J. Wang, F. Xu, H. Jin, Y. Chen, Y. Wang, Adv. Mater. 2017, 29, 1605838.
[2] a) Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff, J. K. Nørskov,

T. F. Jaramillo, Science 2017, 355, eaad4998; b) P. Guo, Z. Wang, T.

Zhang, C. Chen, Y. Chen, H. Liu, M. Hua, S. Wei, X. Lu, Appl. Catal.,
B 2019, 258, 117968; c) Q. Zhang, X. L. Li, B. X. Tao, X. H. Wang, Y.
H. Deng, X. Y. Gu, L. J. Li, W. Xiao, N. B. Li, H. Q. Luo, Appl. Catal., B
2019, 254, 634.

[3] a) X. Gao, Y. Yu, Q. Liang, Y. Pang, L. Miao, X. Liu, Z. Kou, J. He, S.
J. Pennycook, S. Mu, J. Wang, Appl. Catal., B 2020, 270, 118889; b) L.
Zhang, R. Si, H. Liu, N. Chen, Q. Wang, K. Adair, Z. Wang, J. Chen,
Z. Song, J. Li, M. N. Banis, R. Li, T. K. Sham, M. Gu, L. M. Liu, G. A.
Botton, X. Sun, Nat. Commun. 2019, 10, 4936.

[4] a) Q. Qian, Y. Li, Y. Liu, G. Zhang, Appl. Catal., B 2020, 266, 118642; b)
W. Zhang, W. Chen, Q. Xiao, L. Yu, C. Huang, G. Lu, A. W. Morawski,
Y. Yu, Appl. Catal., B 2020, 268, 118449; c) Y. Lei, T. Xu, S. Ye, L. Zheng,
P. Liao, W. Xiong, J. Hu, Y. Wang, J. Wang, X. Ren, C. He, Q. Zhang, J.
Liu, X. Sun, Appl. Catal., B 2021, 285, 119809; d) Y. Huang, A. G. A.
Mohamed, J. Xie, Y. Wang, Nano Energy 2021, 82, 105745; e) Z. Song,
L. Zhang, K. Doyle-Davis, X. Fu, J.-L. Luo, X. Sun, Adv. Energy Mater.
2020, 10, 2001561.

[5] a) Y. Liang, Y. Li, H. Wang, H. Dai, J. Am. Chem. Soc. 2013, 135, 2013;
b) Y. Huang, G. Wei, J. He, C. An, M. Hu, M. Shu, J. Zhu, S. Yao, W.
Xi, R. Si, Z.-M. Zhang, C. An, Appl. Catal., B 2020, 279, 119398; c) C.
Zhao, Y. Tang, C. Yu, X. Tan, M. N. Banis, S. Li, G. Wan, H. Huang, L.
Zhang, H. Yang, J. Li, X. Sun, J. Qiu, Nano Today 2020, 34, 100955.

[6] W. Tong, M. Forster, F. Dionigi, S. Dresp, R. Sadeghi Erami, P.
Strasser, A. J. Cowan, P. Farràs, Nat. Energy 2020, 5, 367.

[7] a) S. Dresp, F. Dionigi, M. Klingenhof, P. Strasser, ACS Energy Lett.
2019, 4, 933; b) L. Yu, Q. Zhu, S. W. Song, B. McElhenny, D. Z. Wang,
C. Z. Wu, Z. J. Qin, J. M. Bao, Y. Yu, S. Chen, Z. F. Ren, Nat. Commun.
2019, 10, 10; c) H. J. Song, H. Yoon, B. Ju, D. Y. Lee, D. W. Kim, ACS
Catal. 2020, 10, 702; d) D. Y. Chung, P. P. Lopes, P. Farinazzo Bergamo
Dias Martins, H. He, T. Kawaguchi, P. Zapol, H. You, D. Tripkovic, D.
Strmcnik, Y. Zhu, S. Seifert, S. Lee, V. R. Stamenkovic, N. M. Markovic,
Nat. Energy 2020, 5, 222.

[8] a) F. L. Lyu, Q. F. Wang, S. M. Choi, Y. D. Yin, Small 2019, 15, 17; b)
F. Song, L. C. Bai, A. Moysiadou, S. Lee, C. Hu, L. Liardet, X. L. Hu,
J. Am. Chem. Soc. 2018, 140, 7748; c) W. R. Cheng, X. Zhao, H. Su,
F. M. Tang, W. Che, H. Zhang, Q. H. Liu, Nat. Energy 2019, 4, 115;
d) S. Dresp, T. Ngo Thanh, M. Klingenhof, S. Brückner, P. Hauke, P.
Strasser, Energy Environ. Sci. 2020, 13, 1725; e) Q. L. Lv, J. X. Han,
X. L. Tan, W. Wang, L. X. Cao, B. H. Dong, ACS Appl. Energy Mater.
2019, 2, 3910; f) Y. Kuang, M. J. Kenney, Y. T. Meng, W. H. Hung, Y.
J. Liu, J. E. Huang, R. Prasanna, P. S. Li, Y. P. Li, L. Wang, M. C. Lin,
M. D. McGehee, X. M. Sun, H. J. Dai, Proc. Natl. Acad. Sci. USA 2019,
116, 6624; g) Y. Q. Zhao, B. Jin, A. Vasileff, Y. Jiao, S. Z. Qiao, J. Mater.
Chem. A 2019, 7, 8117; h) H. M. Sun, Z. H. Yan, F. M. Liu, W. C. Xu,
F. Y. Cheng, J. Chen, Adv. Mater. 2020, 32, 18; i) G. Chen, Y. P. Zhu,
H. M. Chen, Z. W. Hu, S. F. Hung, N. N. Ma, J. Dai, H. J. Lin, C. T.
Chen, W. Zhou, Z. P. Shao, Adv. Mater. 2019, 31, 7; j) H. Liu, J. Lei, S.
Yang, F. Qin, L. Cui, Y. Kong, X. Zheng, T. Duan, W. Zhu, R. He, Appl.
Catal., B 2021, 286, 119894; k) Y. Wang, G. Qian, Q. Xu, H. Zhang,
F. Shen, L. Luo, S. Yin, Appl. Catal., B 2021, 286, 119881; l) H. Xu,
H. Y. Shang, C. Wang, L. J. Jin, C. Y. Chen, C. Y. Wang, Y. K. Du, Appl.
Catal., B 2020, 265, 118605; m) S. Gupta, M. K. Patel, A. Miotello, N.
Patel, Adv. Funct. Mater. 2020, 30, 1906481; n) S. Gupta, M. Forster, A.
Yadav, A. J. Cowan, N. Patel, M. Patel, ACS Appl. Energy Mater. 2020,
3, 7619.

[9] a) Y. Pan, K. A. Sun, S. J. Liu, X. Cao, K. L. Wu, W. C. Cheong, Z.
Chen, Y. Wang, Y. Li, Y. Q. Liu, D. S. Wang, Q. Peng, C. Chen, Y. D.
Li, J. Am. Chem. Soc. 2018, 140, 2610; b) P. W. Menezes, C. Panda, C.
Walter, M. Schwarze, M. Driess, Adv. Funct. Mater. 2019, 29, 1808632;
c) P. W. Menezes, C. Panda, S. Loos, F. Bunschei-Bruns, C. Walter, M.
Schwarze, X. Deng, H. Dau, M. Driess, Energy Environ. Sci. 2018, 11,
1287; d) E. L. Hu, Y. F. Feng, J. W. Nai, D. Zhao, Y. Hu, X. W. Lou,
Energy Environ. Sci. 2018, 11, 872; e) R. Beltrán-Suito, P. W. Menezes,
M. Driess, J. Mater. Chem. A 2019, 7, 15749; f) S. Yao, V. Forstner, P.
W. Menezes, C. Panda, S. Mebs, E. M. Zolnhofer, M. E. Miehlich, T.

Adv. Sci. 2021, 2100498 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100498 (9 of 11)



www.advancedsciencenews.com www.advancedscience.com

Szilvási, N. Ashok Kumar, M. Haumann, K. Meyer, H. Grützmacher,
M. Driess, Chem. Sci. 2018, 9, 8590; g) J. J. Song, C. Wei, Z. F. Huang,
C. T. Liu, L. Zeng, X. Wang, Z. C. J. Xu, Chem. Soc. Rev. 2020, 49, 2196;
h) H. Yang, L. Gong, H. Wang, C. Dong, J. Wang, K. Qi, H. Liu, X. Guo,
B. Y. Xia, Nat. Commun. 2020, 11, 5075; i) J.-Y. Zhang, Y. Yan, B. Mei,
R. Qi, T. He, Z. Wang, W. Fang, S. Zaman, Y. Su, S. Ding, B. Y. Xia,
Energy Environ. Sci. 2021, 14, 365.

[10] L. Yu, L. Wu, B. McElhenny, S. Song, D. Luo, F. Zhang, Y. Yu, S. Chen,
Z. Ren, Energy Environ. Sci. 2020, 13, 3439.

[11] L. Wu, L. Yu, F. Zhang, B. McElhenny, D. Luo, A. Karim, S. Chen, Z.
Ren, Adv. Funct. Mater. 2021, 31, 2006484.

[12] a) L. Lv, Z. X. Yang, K. Chen, C. D. Wang, Y. J. Xiong, Adv. Energy Mater.
2019, 9, 29; b) C. L. Hu, L. Zhang, J. L. Gong, Energy Environ. Sci. 2019,
12, 2620; c) P. X. Ji, H. H. Jin, H. L. Xia, X. Luo, J. K. Zhu, Z. H. Pu, S.
C. Mu, ACS Appl. Mater. Interfaces 2020, 12, 727; d) L. L. Huang, D.
W. Chen, G. Luo, Y. R. Lu, C. Chen, Y. C. Zou, C. L. Dong, Y. F. Li, S. Y.
Wang, Adv. Mater. 2019, 31, 10; e) F. L. Li, P. T. Wang, X. Q. Huang, D.
J. Young, H. F. Wang, P. Braunstein, J. P. Lang, Angew. Chem., Int. Ed.
2019, 58, 7051; f) L. Yu, J. F. Yang, B. Y. Guan, Y. Lu, X. W. Lou, Angew.
Chem., Int. Ed. 2018, 57, 172; g) Y. Hou, M. Qiu, M. G. Kim, P. Liu,

G. T. Nam, T. Zhang, X. D. Zhuang, B. Yang, J. Cho, M. W. Chen, C.
Yuan, L. C. Lei, X. L. Feng, Nat. Commun. 2019, 10, 9; h) S. H. Ye, Z.
X. Shi, J. X. Feng, Y. X. Tong, G. R. J. A. C. I. E. Li, Angew. Chem., Int.
Ed. 2018, 57, 2672; i) H. Y. Jin, X. Liu, A. Vasileff, Y. Jiao, Y. Q. Zhao, Y.
Zheng, S. Z. Qiao, ACS Nano 2018, 12, 12761; j) W. Yan, Y. Shen, C.
An, L. Li, R. Si, C. An, Appl. Catal., B 2021, 284, 119687; k) P. Zhang, Y.
Liu, T. Liang, E. H. Ang, X. Zhang, F. Ma, Z. Dai, Appl. Catal., B 2021,
284, 119738; l) J. Liu, Y. Gao, X. Tang, K. Zhan, B. Zhao, B. Y. Xia, Y.
Yan, J. Mater. Chem. A 2020, 8, 19254.

[13] M. Badsar, M. Edrissi, Mater. Res. Bull. 2010, 45, 1080.
[14] H. Ren, Y. Pan, C. C. Sorrell, H. Du, J. Mater. Chem. A 2020, 8, 3154.
[15] a) H. Pang, Z. Yan, W. Wang, J. Chen, J. Zhang, H. Zheng, Nanoscale

2012, 4, 5946; b) S. Wang, H. Pang, S. Zhao, W. Shao, N. Zhang, J.
Chen, S. Li, RSC Adv. 2014, 4, 340; c) S. Dresp, F. Dionigi, S. Loos,
J. Ferreira de Araujo, C. Spöri, M. Gliech, H. Dau, P. Strasser, Adv.
Energy Mater. 2018, 8, 1800338.

[16] F. Dionigi, T. Reier, Z. Pawolek, M. Gliech, P. Strasser, ChemSusChem
2016, 9, 962.

[17] T. L. L. Doan, D. T. Tran, D. C. Nguyen, H. T. Le, N. H. Kim, J. H. Lee,
Appl. Catal., B 2020, 261, 13.

Adv. Sci. 2021, 2100498 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2100498 (10 of 11)


